The generation of a polarized cell type requires the asymmetric distribution of many cellular proteins. While a great deal is known about the vesicular trafficking that targets membrane-associated proteins to particular compartments of a cell (Pelham and Munro, 1993) , the mechanisms underlying the localization of cytoplasmic proteins are less well understood, and it has generally been assumed that these proteins simply diffuse to the places in the cell where they are needed. However, one way that proteins can be targeted to discrete subcellular locations is to localize the messenger RNAs that encode them. The first evidence for the intracellular localization of specific mRNAs was discovered almost twelve years ago, with the demonstration that actin mRNA is enriched in the myoplasm of Ascidian eggs (Jeffery et al., 1983) . Since that time, many other maternal mRNAs have been shown to localize to specific regions of eggs or oocytes (for example, Figures 1C-1F ). As eggs are generally much larger than most somatic cells, it is easier to detect localized transcripts within them, but this phenomenon is not some special property of germ cells, as first shown by Lawrence and Singer (1986) , who observed that 13-actin mRNA localizes to the leading edge of migrating fibroblasts ( Figure  1B ). Indeed, as the sensitivity of in situ hybridization techniques has improved, examples of localized transcripts have been found in an increasing number of somatic cell types, including fibroblasts, myoblasts, neurons, oligodendrocytes, and epithelial cells (reviewed by Wilhelm and Vale, 1993) . Thus, it is now reasonable to propose that the intracellular localization of specific mRNAs is a general mechanism for protein targeting that probably occurs in all polarized cell types.
Why Localize mRNA?
Since mRNAs act as the templates for translation, their localization allows specific proteins to be synthesized in the subcellular regions where they are required and prevents their expression in regions where they are not. In principle, localized protein synthesis would seem to be a very efficient way to target proteins to the correct sites, as presumably more energy is needed to localize many protein molecules than a single mRNA that can be translated multiple times. One system where this might be the primary reason for mRNA localization is in cultured chicken muscle, where vimentin, desmin, and vinculin mRNAs localize to the costameres, the sites where their protein products are concentrated ( Figure 1A ) (Morris and Fulton, 1994) . Since these proteins localize slightly earlier in muscle development than their respective mRNAs, mRNA localization is not necessary for protein targeting. However, once the transcripts are also localized, the proteins can be made in the exactly the right place and can even be assembled into the costameres as they are translated.
In addition to cutting intracellular transport costs, localized translation opens up the possibility of local translational control. It is particularly attractive to speculate that translation might be locally regulated in response to synaptic activity in neurons. The mRNAs encoding both the cytoskeletal protein MAP2 (for microtubule-associated protein 2) and the a subunit of Ca2+lcalmodulin-dependent protein kinase II have been found to localize to dendrites, the regions of the cell where synaptic inputs are received (Garner et al., 1988; Bruckenstein et al., 1990; Burgin et al., 1990; Kleiman et al., 1990) . Furthermore, it is also known that protein synthesis occurs in dendrites and that polyribosomes are enriched beneath postsynaptic sites (Torte and Steward, 1992) . These observations have led to the proposal that translation might be regulated independently at each of the many postsynaptic sites within a single neuron, and that this may play a role in activitydependent synaptic plasticity (Steward and Banker, 1992) .
Another reason why a specific mRNA might be localized is to prevent the expression of the protein it encodes in the wrong regions of the cell. This seems to be the case for myelin basic protein (MBP), a component of the myelin sheath that oligodendrocytes wrap around axons. MBP is an intracellular protein that interacts very strongly with membranes and causes them to compact. Unlike other components of myelin, which are exported to the myelinating cell processes by the secretory pathway, MBP is translated on free ribosomes from a localized mRNA (Trapp et al., 1987) . It would be very difficult to transport the MBP from the cell body to the sites of myelin formation, since the protein would stick to any membrane that it came into contact with along the way. The localization of the mRNA avoids this problem, and prevents the protein from compacting membranes in the main body of the cell. mRNA localization might serve a similar function in cells that express more than one isoform of a protein that multimerizes. By limiting the synthesis of the different isoforms to separate compartments of the cell, localized translation can prevent the formation of heteromultimers. This may be important in controlling the composition of actin filaments in differentiating myoblasts, for example, where 13-actin mRNA localizes to the leading lamellae at the cell periphery, while ~-and 7-actin transcripts show a perinuclear distribution (Hill and Gunning, 1993; Kislauskis et al., 1993) . The mRNAs encoding the muscle (M) and brain (B) isoforms of creatine kinase show a similar segregation to the cell periphery and perinuclear regions of mouse myoblasts in culture, and this may preclude the formation of MB heterodimers (Wilson et al., 1995) .
Not only does mRNA localization serve to deliver proteins to the appropriate sites within a polarized cell, it can also play a direct role in the establishment of this polarity. As in myoblasts, 13-actin transcripts localize to the leading lamellae of chicken embryonic fibroblasts (Lawrence and Singer, 1986) . When this localization is disrupted by antisense oligonucleotides directed against the localization signals in the 3' untranslated region (3'UTR), I~-actin protein is no longer concentrated at the leading edge of the cell, although the levels of both protein and mRNA are unaffected (Kislauskis et al., 1994) . This change in the 13-actin distribution causes the lamellae to collapse and the cells to become symmetric, demonstrating that the localized synthesis of the protein is essential for the maintenance of cell polarity and providing the best evidence to date for the functional importance of mRNA localization in somatic cells.
mRNA localization in the Drosophila melanogaster oocyte also plays an important role in the generation of polarity, although in this case it is the polarity of the resulting embryo that is specified. More than ten mRNAs have now been found to localize to one of three distinct positions within this single cell, and these transcripts play a variety of roles in the specification of the embryonic body plan (reviewed by . gurken mRNA localizes to the dorsal anterior corner of the oocyte, above the nucleus, where it is translated to produce a transforming growth factor ~ (TGF~)-Iike protein that signals to the adjacent follicle cells to induce them to adopt a dorsal fate, thereby defining the dorsoventral axis of the embryo (Neuman-Silberberg and SchL~pbach, 1993) . In mutants in which gurken mRNA localizes around the entire anterior margin of the oocyte, all of the follicle cells are induced to become dorsal (Wieschaus et al., 1978; Manseau and Sch~pbach, 1989; Kelley, 1993; Neuman-Silberberg and SchOpbach, 1993) . Thus, the localization of the mRNA is necessary to restrict the secretion of the dorsalizing signal to just one side of the cell. The transport of oskar mRNA to the posterior pole plays a similar role in defining anteroposterior polarity, by determining where the pole plasm forms ( Figure 1D ) (Ephrussi et al., 1991; Kim-Ha et al., 1991) . This specialized region of cytoplasm, which contains the posterior and germline determinants, is absent in mutants where oskar mRNA is not localized and forms ectopically at the anterior pole when the RNA is mislocalized to this end of the oocyte (Ephrussi and Lehmann, 1992) . Thus, localized oskar mRNA is both necessary and sufficient to determine where the pole plasm assembles, and hence where the pole cells and posterior of the embryo will develop.
A second class of maternal mRNAs are localized within the oocyte, but are not translated until after the egg has been laid. Among these are bicoid and nanos mRNAs, which are anchored at the anterior and posterior poles, respectively, and act as localized sources of diffusible proteins that spread toward the center of the embryo (Berleth et al., 1988; Driever and N0sslein-Volhard, 1988; Wang and Lehmann, 1991 ; Gavis and Lehmann, 1992) . The two opposing protein gradients that result specify the pattern and polarity of the head, thorax, and abdomen of the embryo (St Johnston and N0sslein-Volhard, 1992) . germ cel/-/ess (gc/) RNA is also localized to the pole plasm at the posterior of the egg and translated after fertilization, but in this case the protein does not diffuse (Jongens et al., 1992 (Jongens et al., , 1994 . Instead, the gcl product remains in the pole plasm and associates with the nuclei of the pole cells that form in this region. Although localized gcl mRNA is not sufficient to direct pole cell formation, it is required for this process, indicating that it is a component of the localized germline determinant first identified by IIImensee and Mahowald (1974) . A third category of localized maternal mRNA is exemplified by cyclin B message, which is also concentrated in the pole plasm and inherited by the pole cells, but is not translated until 9 hr later, just before these cells resume mitosis (Raff et al., 1990; Dalby and Glover, 1993) . The localization and translational control of this mRNA appears to function as a way of targeting gene expression to a specific cell type.
Like its Drosophila counterpart, the Xenopus laevis oocyte sorts maternal messages to at least three different compartments; four mRNAs have been shown to be enriched in the cytoplasm of the animal hemisphere: Xcat-2, Xcat-3, and Xlsirt RNAs localize with the germ plasm to a small cortical region at the vegetal pole ( Figure 1E ) (Elinson et al., 1993; Kloc et al., 1993; Mosquera et al., 1993) , and
Vgl and Xwnt11 mRNAs accumulate in a broader region of the vegetal cortex ( Figure 1F ) (Melton, 1987; Ku and Melton, 1993) . Although none of these mRNAs has yet been proven to play a role in pattern formation, it seems likely that some of the mRNAs that localize to the vegetal pole will fulfill functions analogous to those of the localized maternal mRNAs in Drosophila. The vegetal blastomeres of the early embryo act as the source for at least two pattern-forming signals, a mesoderm inducer and a dorsal axis-inducing activity (Kessler and Melton, 1994) . Since Vgl and Xwnt-11 RNAs encode growth factor-like molecules, both of these are candidates for a component of one of these signals (Weeks and Melton, 1987; Ku and Melton, 1993) . Indeed, when the TGFI3-related portion of Vgl is expressed in a form that is secreted, it can induce animal cap cells to form mesoderm and can rescue dorsoventral axis formation in UV-irradiated embryos (Dale et al., 1993; Thomsen and Melton, 1993) . A 58 amino acid region of Xcat-2 protein shows 50% identity to the Drosophila posterior determinant nanos, suggesting that this protein may also play a role in axis formation (Mosquera et al., 1993) . However, in contrast with Vgl and Xwnt-11 mRNAs, Xcat-2 mRNA remains associated with the cortex after fertilization and segregates with the germ plasm into a subset of the vegetal blastomeres (Forristall et al., 1995) . As the germ plasm is eventually inherited by the primordial germ cells, it is possible thatXcat-2 mRNA is not translated until the early gastrula stage, where it might play a role in the specification of the germ line.
mRNA Localization Signals
A common feature of all the localized mRNAs that have been examined so far is that the cis-acting sequences required for localization reside in the 3'UTRs of the transcript. This rules out models in which the nascent polypeptide directs the localization of the mRNA as it is translated. In the cases where these sequences have been precisely mapped, they have turned out to be relatively large. There are probably two major factors that account for the size of these localization signals. First, unlike double-stranded DNA (dsDNA), single-stranded RNA molecules have the capacity to fold into complex secondary structures. If the recognition of the localization signal requires the formation of such structures, the binding site for a single protein can encompass a large region of RNA. Second, it is likely that these signals will contain multiple protein-binding sites, since localization often involves several steps, each requiring different trans-acting factors.
The bicoid localization signal exemplifies both of these points, since it is predicted to have a complicated secondary structure that has been conserved during evolution and contains distinct sequence elements that direct different steps in its localization (Macdonald, 1990) . The localization of bicoid mRNA to the anterior cytoplasm of the egg involves at least three steps, which have different genetic requirements (St Johnston et al., 1989) . Early in oogenesis, the RNA shows a transient apical localization in the nurse cells before it is transported to the anterior margin of the oocyte, and both these steps are disrupted by mutations in the exuperantia (exu) gene. The swallow gene is required for the anchoring of the RNA at the cortex, once it has reached the anterior of the oocyte (Stephenson et al., 1988) . Finally, the RNA is released from the cortex at egg activation and is anchored in the anterior cytoplasm, and this anterior retention requires staufen activity. has identified within the 625 nt bicoid localization signal a 53 base sequence called the BLE1 element that is required for the first exu-dependent step in this localization pathway (Macdonald and Struhl, 1988; Macdonald et al., 1993) . When inserted into a heterologous transcript, two copies of this BLE1 element are sufficient to direct localization to the anterior of the oocyte, but not to anchor the RNA to the cortex. Using an RNA injection assay, Ferrandon et al. (1994) have defined a region of the bicoid 3'UTR that associates with staufen protein to prevent diffusion of the RNA once it is released into the egg cytoplasm. The sequences required for this final step in the bicoid localization pathway extend over a 400 nt region that corresponds to three large stem-loops within the secondary structure of the RNA. Since this region includes the BLE1 element, the bicoid localization signal contains at least two distinct, but overlapping, sequence elements that mediate different steps in its localization.
The localization of oskar mRNA to the posterior of the oocyte also involves a number of intermediate steps with different genetic requirements. When the RNA is synthesized in the nurse cells, it is rapidly exported into the oocyte, in a process that requires the activity of the Bicaudal D gene (Ephrussi et al., 1991; Kim-Ha et al., 1991; Ran et al., 1994) . After stage 7, the RNA shows a transient accumulation at the anterior of the oocyte, which is abolished in cappuccino and spire mutants, prior to posterior transport, a process that requires staufen and mago nashi activity (Newmark and Boswell, 1994) . Once it has reached the posterior, the subsequent anchoring of oskar RNA requires the synthesis of oskar protein (Ephrussi et al., 1991; Kim-Ha et al., 1991) . The c/s-acting sequences necessary for each step have not been mapped, but transport into the oocyte, localization to the anterior pole, and transport to the posterior are each blocked by different small deletions within a 1 kb region of the 3'UTR, indicating that the oskar localization signal is also modular (Kim-Ha et al.,
1993). Although this has not yet been shown, it is likely that
Vgl mRNA also contains multiple independent c/s-acting elements, since its localization to the vegetal cortex of the Xenopus oocyte also occurs in a number of discrete steps.
During stage III of oogenesis, Vgl mRNA is translocated to a small region of the vegetal cortex, which corresponds to the site where Xcat-2, Xwnt-11, and Xlsirt RNAs are localized with the mitochondrial cloud (Melton, 1987; Kloc et al., 1993; Forristall et al., 1995; Kloc and Etkin, 1995) .
However, this localization of Vgl mRNA is only transient, as the RNA then spreads to cover the cortex of the whole vegetal hemisphere by stage IV, where it remains anchored until oocyte maturation. The initial translocation of Vgl mRNA to the vegetal cortex requires both microtubules and the prior localization of the Xlsirt RNAs, since it is blocked by microtubule-depolymerizing drugs and antisense oligonucleotides directed against these noncoding RNAs (Yisraeli et al., 1990; Kloc and Etkin, 1994; Kloc and Etkin, 1995) . Once the RNA is anchored to the cortex, it is insensitive to both these treatments, but it is affected by cytochalasin B, which disrupts the cortical actin network. The Vgl localization signal has been mapped to a 340 nt region of the 3'UTR (Mowry and Melton, 1992) . Given the different requirements for each step in the localization of Vgl mRNA, it seems probable that this large region will contain multiple cis.acting elements. Although the majority of the localized mRNAs encode cytoplasmic proteins, Vgl encodes a protein that enters the secretory pathway. The interaction between the signal peptide of the nascent protein and signal recognition particle (SRP) should therefore direct the localization of the RNA to the rough endoplasmic reticulum (RER) once it is translated.
Since the major determinants of Vgl localization map to the 3'UTR, and not to the sequences that encode the signal peptide, the RNA must either localize before its translation begins, or it must bring some of the RER with it as it localizes. Alternatively, the interaction of the Vgl signal peptide with SRP and the RER could be suppressed until the nascent protein and mRNA have reached the vegetal pole. The localization signals of two other mRNAs that have been studied in detail also appear to contain multiple cisacting elements. The 3'UTR of chicken 13-actin mRNA contains two regions of 54 nt and 43 nt, either of which can direct localization of a reporter construct to the cell periphery of embryonic fibroblasts (Kislauskis et al., 1994) . These two elements do not seem to be redundant, however, as localization can be inhibited by antisense oligonucleotides directed against either sequence. Similarly, two noncontiguous regions of 94 nt and 87 nt are required for the localization of cyclin B mRNA to the posterior of the Drosophila embryo (Dalby and Glover, 1993) . It is easy to imagine that mR NA localization will often involve two separate steps, translocation to the site of localization followed by anchoring at that site, which may be controlled by different cis-acting elements. However, it is not known whether this is the case for either of these transcripts.
Despite the characterization of a number of localization signals, very little is known about the proteins that recognize them. A 69 kDa polypeptide in Xenopus oocyte extracts has been shown to bind to two regions of Vgl mRNA, and one of these corresponds to the localization signal (Schwartz et al., 1992) . However, as this protein has not yet been identified, its function in localization remains unclear. The only RNA-binding protein that has been proven to play a role in mRNA localization is the product of the Drosophila maternal gene staufen. Staufen protein is required for the transport of oskar mRNA from the anterior to the posterior of the oocyte, and the protein colocalizes with the mRNA during this movement (Ephrussi et al., 1991; Kim-Ha et al., 1991; St Johnston et al., 1991) . Furthermore, the posterior localization of staufen protein depends on its interaction with oskar, since the amount of the mRNA determines how much staufen is transported to the posterior pole (Ferrandon et al., 1994) . Staufen protein contains five copies of a dsRNA-binding motif and binds to dsRNA in vitro . As the localization of oskar mRNA requires staufen protein and vice versa, it seems likely that the protein binds directly to the RNA to form a ribonucleoprotein (RNP) complex that is the substrate for localization.
The specificity of the association of staufen with RNA seems to switch at egg activation, as its colocalization with oskar mRNA at the posterior pole disappears soon after fertilization, and the protein accumulates instead at the anterior pole, where it is required to anchor bicoid mRNA (St Johnston et al., 1989; Ferrandon et al., 1994) . When the bicoid 3'UTR is injected into the egg, it recruits staufen to its site of localization and also protects the protein from degradation, again suggesting a direct interaction between staufen and the RNA. Indeed, the 400 nt region of the bicoid localization signal required for this interaction contains several double-stranded stems to which the staufen dsRNA-binding domains might bind. However, since single staufen domains do not show sequencespecific binding in vitro , it still remains to be proven that staufen binds directly to either the oskar or bicoid localization signals in a sequencespecific manner. One possible model is that staufen recognizes the secondary structure of these RNAs rather than their sequence. In this case, the specificity of binding could be determined by the correspondence between the positions of the dsRNA-binding domains within the native protein and the arrangement of double-stranded stems in the folded RNAs.
Mechanisms of RNA Localization
Although the conserved position of localization signals within the 3'UTRs of mRNAs might suggest that the mechanisms of localization are also conserved, these signals appear to target transcripts to their correct positions within a cell by a variety of different pathways. So far, four distinct mechanisms for mRNA localization have been identified: spatial control of rnRNA stability, anchoring to local-ized binding sites, vectorial nuclear export, and directed transport.
Spatial Control of mRNA Stability
A simple but inefficient way to localize mRNA is to stabilize the mRNA that is in the correct position and to degrade the unlocalized transcripts. This mechanism is responsible for the localization of hsp83 mRNA to the posterior pole of the Drosophila embryo . hsp83 transcripts are present throughout the cytoplasm when the egg is laid, but by the time that the pole cells form, the mRNA has been degraded everywhere except in the pole plasm. This posterior stabilization is probably due to a protecting factor in the pole plasm, since hsp83 transcripts are not stable at the posterior of eggs that lack pole plasm and are protected at the anterior pole when the mislocalization of oskar mRNA leads to the formation of ectopic pole plasm at this end.
mRNA degradation also generates the gradient of maternal hunchback mRNA in the early Drosophila embryo, but in this case it is the specific degradation that is localized rather than protection (Wharton and Struhl, 1991) . The posterior determinant nanos represses the translation of hunchback, and this causes the RNA to become unstable, resulting in the formation of an anteroposterior RNA gradient that mirrors the nanos protein gradient (reviewed by Curtis et al., 1995 [this issue of Cell] ). The gradient of bicoid protein is thought to generate an opposing gradient of caudal mRNA by a similar mechanism (Driever, 1993) .
Anchoring to Localized Binding Sites
Another way that mRNAs can become concentrated in a particular region of a cell without being actively transported is if they are sequestered by localized binding sites. This mechanism may account for the accumulation of nanos, cyclin B, and gcl mRNAs at the posterior of the Drosophila oocyte. The posterior concentration of these transcripts requires the prior localization of oskar mRNA and oskar, staufen, and vasa proteins, indicating that the mRNAs bind to components of pole plasm that have been localized earlier in oogenesis (Raff et al., 1990; Jongens et al., 1992; . Furthermore, it seems unlikely that nanos, cyclin B, and gcl mRNAs are actively transported to the posterior, since the oocyte microtubule cytoskeleton no longer shows a clear anteroposterior polarity at the stage when these transcripts are localized. Instead, the microtubules are organized to drive a rapid flow of cytoplasm around the oocyte (Gutzeit, 1986; Theurkauf et al., 1992) . This cytoplasmic streaming is probably sufficient to circulate these mRNAs so that they can be efficiently sequestered by localized binding sites. The results of mislocalizing oskar mRNA to the anterior pole by replacing the localization signals in the oskar 3'UTR with those from the bicoid 3'UTR are consistent with this model (Ephrussi and Lehmann, 1992) . Anterior oskar mRNA directs the ectopic localization of most other pole plasm constituents, including nanos mRNA (and presumably cyclin B and gcl mRNAs as well). Although it is possible that the anterior accu mulation of oskar RNA leads to the reorganization of the oocyte cytoskeleton so that nanos, cyclin B, and gcl mRNAs can be transported to the site of ectopic pole plasm formation, it seems much more likely that these transcripts are carried around the oocyte by cytoplasmic streaming until they are bound by other pole plasm constituents.
Vectorial Nuclear Export
The transcripts of the Drosophila pair-rule genes evenskipped, hairy, runt, and fushi tarazu are localized to the cytoplasm on the apical side of the blastoderm nuclei, where their lateral diffusion is restricted by the invaginations of the egg membrane that precede cellularization (Edgar et al., 1987; Gergen and Butler, 1988; Davis and Ish-Horowicz, 1991) . Since these RNAs diffuse slowly and have half-lives of only 6 min, it is unlikely that their localization results from differential stability or localized anchoring in the apical cytoplasm. Although it is hard to exclude, rapid cytoplasmic transport from the basal to the apical compartments also seems unlikely, since transcripts are never detected in the basal cytoplasm. This has led to the proposal that the localization arises from the export of these transcripts from the apical side of the nuclei (Davis and Ish-Horowicz, 1991; Davis et al., 1993) . The mechanism responsible for this putative vectorial nuclear export is unclear, but does not involve gene gating (Blobel, 1985) , as the localization depends on sequences within the 3'UTRs of these RNAs, and not on the positions of the genes in the genome (Davis and Ish-Horowicz, 1991; Davis et al., 1993) .
Directed Transport
The mechanism that is most commonly invoked to explain mRNA localization is active transport along the cytoskeleton. However, this simple mechanism is also the most difficult to prove. The most convincing way to demonstrate that active transport is occurring is to visualize the directed movement of the RNA in living cells. This has been achieved in only one case, the transport of MBP mRNA from the cell body to the processes of cultured oligodendrocytes (Ainger et al., 1993a) . When fluorescently labeled MBP is microinjected into these cells, the RNA accumulates in particles of -0.3 p.m diameter, which then move from the perinuclear region in an anterograde direction into the cell processes (Figure 2A) . Although the cytoskeletal elements responsible for this movement have not been identified, the particles lie in close proximity to the microtubule bundles, and it therefore seems likely that they are transported along these microtubules by a plus end-directed motor. The particles move at a rate of 0.2 p.m/sec, which is similar to that of fast axonal transport, suggesting that it may be mediated by a kinesin-like motor.
When the 3'UTR of bicoid mRNA is injected into Drosophila embryos, it shows a very similar behavior to MBP mRNA in oligodendrocytes (Ferrandon et al., 1994) . The RNA recruits staufen protein to form large particles, which then localize in the vicinity of the astral microtubules of the mitotic spindles. Since this localization is disrupted by microtubule-depolymerizing drugs, and the time between mitoses is too short for any diffusion, it seems likely that the staufen-bicoid 3'UTR complexes are actively transported along the microtubules. However, this movement has not yet been observed directly, and it is still unclear whether (B) Injected bicoid 3'UTR RNA recruits staufen protein (red) into particles that localize in the vicinity of the astral microtubules (green) that emanate from the mitotic spindle poles in a Drosophila blastoderm embryo (Ferrandon et al., 1994 ).
(C) Particulate distribution of Vgl m RNA during its translocation to the vegetal pole of the Xenopus oocyte (courtesy of M. L. King). (D) Exu-GFP particles (green) in a stage 9 Drosophila egg chamber that has been counterstained for actin (red) (courtesy of T. Hazelrigg). The oocyte lies to the right and is connected to the nurse cells by ring canals that are marked with arrows. Since exu protein is required for the localization of bicoid mRNA to the anterior of the oocyte, some of these particles may represent bicoid transport granules in transit.
the endogenous full-length bicoid mRNA is transported in the same way.
There is good evidence to suggest that the movement of staufen protein and oskar m RNA from the anterior to the posterior pole of the oocyteh is also due to active transport along the microtubules. In staufen mutant oocytes, oskar mRNA persists at the anterior pole for several hours after it would normally have localized to the posterior (Ephrussi et al., 1991; Kim-Ha et al., 1991) . Thus, the RNA is stable when it is not localized and does not seem to be free to diffuse in the oocyte cytoplasm. This argues against mechanisms such as localized degradation or diffusion to posterior binding sites. Furthermore, at the stage when oskar mRNA localizes, the microtubule cytoskeleton of the oocyte has a clear anteroposterior polarity. Only the microtubules at the anterior of the oocyte are resistant to short treatments with microtubule-depolymerizing drugs, such as colchicine, indicating that the more stable minus ends lie at this pole (Theurkauf et al., 1992) . In addition, a chimeric protein consisting of the motor domain of kinesin fused to ~-galactosidase localizes to the posterior pole at the same time as staufen protein and oskar mRNA (Clark et al., 1994) . Since kinesin is a plus end-directed motor, this suggests that the plus ends of the microtubules lie at the posterior of the oocyte. The localization of oskar mRNA depends on the formation of this polarized microtubule array, since it is blocked by microtubule-depolymerizing drugs and does not occur in cappuccino and spire mutants, which cause a premature rearrangement of the microtubule network (Clark et al., 1994; Theurkauf, 1994) . Moreover, if the follicle cells that surround the oocyte are mutant for the neurogenic genes Notch or Delta, or if the oocyte lacks protein kinase A activity, the oocyte microtubule network develops a symmetric organization in which the minus ends of the microtubules are thought to lie at both poles, and the plus ends in the center (Ruohola et al., 1991; Clark et al., 1994; Lane and Kalderon, 1994) . In these mutants, both the kinesin-l~-galactosidase fusion protein and oskar mRNA localize to the center of the oocyte. The observation that oskar mRNA always localizes to the same position as the kinesin-~-galactosidase fusion protein has led to the proposal that the RNA is transported to the posterior pole along the microtubules by a plus enddirected motor (Clark et al., 1994) .
This simple model has recently been called into question by the discovery that the minus end-directed microtubule motor dynein also localizes to the posterior pole at the same time as oskar mRNA (Li et al., 1994) . This raises the possibility that at least some of the microtubules are oriented with their minus ends at the posterior, and that oskar mRNA could therefore be localized by a minus enddirected motor such as dynein itself. Unlike the kinesin-I~-galactosidase fusion protein, which is thought to have an unregulated motor domain that moves along any microtubules it encounters, the activity of endogenous dynein is likely to be regulated. Thus, it is also possible that dynein does not localize to the posterior pole under the power of its own motor, but is transported there in an inactive state by some other mechanism, perhaps by associating with a plus end-directed motor.
At the same time that oskar mRNA is moving to the posterior of the oocyte, bicoid mRNA is being localized to the anterior pole. Given the geometry of the nurse cells and the oocyte, it was initially suggested that this localization could simply arise from the binding of the RNA to ubiquitous receptor as it enters the anterior oocyte from the nurse cells (Berleth et al., 1988) . However, it now seems more likely that the RNA is transported along the same polarized microtubule network as oskar mRNA, but in the opposite direction. Like oskar, bicoid mRNA localization is dis-rupted by microtubule-depolymerizing drugs, and the RNA can partially relocalize to the anterior pole when the drug is washed out (Pokrywka and Stephenson, 1991) . Furthermore, in the mutants in which the microtubule network develops a symmetric organization, bicoid RNA localizes to both poles of the oocyte (Ruohola et al., 1991; Lane and Kalderon, 1994) . Since this is where the minus ends of the microtubules are thought to reside, bicoid mRNA could be transported by a minus end-directed motor. However, proof that bicoid and oskar mRNAs are transported to the anterior an d posterior poles of the oocyte by microtubule motors of opposite polarity will require either direct visualization of the RNAs as they move or the characterization of the microtubule motors responsible.
The localization of Vgl mRNA to the vegetal pole of the Xenopus oocyte may also involve active transport along microtubules. The movement of this mRNA is microtubule dependent, whereas its anchoring at the cortex is not (Yisraeli et al., 1990) . Since translocation to the vegetal pole is a separate step from anchoring, the RNA is unlikely to localize simply by binding to vegetal receptors. Furthermore, exogenous Vgl mRNA is stable when injected into the oocyte, indicating that the localization is not a result of differential degradation (Yisraeli and Melton, 1988) . Under the appropriate culture conditions, this injected RNA localizes to the vegetal pole, although the rate at which it moves is rather slow (100 ~m/day). Taken together, these results suggest that the most likely mechanism for this movement is active transport.
Both MBP mRNA and the staufen-bicoid 3'UTR complexes are found in large particles during their localization, and Vgl mRNA also shows a granular distribution as it is translocated to the vegetal pole (Figures 2A, 2B , and 2C) (Ainger et al., 1993a (Ainger et al., , 1993b Ferrandon et al., 1994; Forristall et al., 1995) . This suggests that the packaging of mRNA into particles may be a common feature of localization by active transport. There is evidence that bicoid mRNA is also transported to the anterior of the oocyte in large particles. Although it has not been shown to bind to the bicoid mRNA directly, exu protein is required for this first stage in bicoid RNA localization and colocalizes with the RNA in the nurse cells Marcey et al., 1991) . By constructing an exu-green fluorescent protein fusion, Wang and Hazelrigg (1994) have been able to examine the distribution of exu with high sensitivity and have found that the protein concentrates in particles in both the nurse cells and the oocyte. Since the exu-GFP fusion rescues the bicoid localization defect of exu null mutants, some of these particles may represent bicoid transport granules ( Figure 2D ). Not all these particles can contain bicoid m RNA, however, as some of them accumulate at the posterior pole of the oocyte, a site where bicoid mRNA never localizes in wild-type egg chambers. Although it is too early to say whether this will turn out to be a general phenomenon, one can envisage two reasons why mRNAs might be assembled into particles for transport. First, the packaging of many mRNAs into the same particle may allow a single motor to transport multiple transcripts at the same time, thereby increasing the efficiency of intracellular trafficking. Second, for a localized mRNA to be translated, the components of the translational machinery must also be localized, and this might occur by transporting these components in the same particles as the mRNA. Indeed, this seams to be the case for the particles of MBP mRNA in oligodendrocytes (Ainger et al., 1993b) . At present, putative mRNA transport granules have only been identified at the level of the light microscope, and it is therefore possible that these are not real particles, but just local concentrations of RNA or protein.
Confirmation of the existence of transport particles and the analysis of their constituents will therefore require the biochemical purification of these granules.
The localization of several other mRNAs has been shown to require specific components of the cytoskeleton. For example, microtubule-depolymerizing drugs such as colchicine disrupt the localization of tau mRNA to the proximal region of the axons and of MAP2 mRNA to the dendrites of cultured neurons, whereas the actin-depolymerizing drug cytochalasin B has no effect (Litman et al., 1994) . Indeed, a large proportion of the poly(A) + RNA in cultured neurons seems to be associated with microtubules (Bassell et al., 1994b) . In contrast, the localization of 13-actin mRNA in cultured fibroblasts is disrupted by cytochalasin D, but not by colchicine, and most poly(A) ÷ RNA is found in close proximity to the intersections between actin filaments in these cells (Sundell and Singer, 1991 ; Taneja et al., 1992; Bassell et al., 1994a) . In all these cases, however, it is not known whether the cytoskeleton is required to translocate the mRNA to the site of localization or for anchoring at that site.
Summary
As I hope this review has made clear, mRNA localization plays an important role in directing specific proteins to their correct position within a cell. Although the study of this process is still in its infancy, it is already apparent that there are several ways that mRNAs can be targeted to particular subcellular sites. However, the molecular mechanisms responsible for these different localization pathways are still largely obscure, and their elucidation must await the identification of the specific factors that mediate the interactions between the localized mRNAs and more general components such as the cytoskeleton. Most examples of localized mRNAs are likely to share several common features. First, the site of localization will be determined by the preexisting polarity of the cell, and this will most often depend on the organization of the cytoskeleton, either directly, in the case of active transport, or indirectly, when localization is mediated by localized anchoring sites or stability factors. Second, mRNA localization is likely to be tightly coupled to translational control. If it is important for a cell to synthesize a protein in a particular place, then the translation of the mRNA must be repressed until it is localized. Indeed, there are already several examples where the direct linkage between translational control and localization has been demonstrated, and these are discussed in the accompanying review by Curtis et al. (1995) .
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